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Abstract 

The  electrochemical  properties  of  nanocrystalline  Zr0  35Ti0  65V0  85Cr0  26Ni!  30  alloy,  which  has  the  hexagonal  C14  type  structure,  have 
been  investigated.  This  material  has  been  prepared  using  mechanical  alloying  (MA)  followed  by  annealing.  The  amorphous  phase  forms 
directly  from  the  starting  mixture  of  the  elements,  without  other  phase  formation.  Heating  the  MA  samples  at  1070  K  for  0.5  h  resulted  in 
the  creation  of  ordered  alloy.  This  alloy  was  used  as  negative  electrode  for  Ni-MHV  battery.  The  electrochemical  results  show  very  little 
difference  between  the  nanocrystalline  and  polycrystalline  powders,  as  compared  with  the  substantial  difference  between  these  and  the 
amorphous  powder.  In  the  annealed  nanocrystalline  Zr0  35Ti0.65Vo.85Cr026Ni13o  powders  discharging  capacities  up  to  1 50  m/\  h  g  1  (at 
160  mAg-1  discharging  current)  have  been  measured.  The  properties  of  nanocrystalline  electrode  were  attributed  to  the  structural 
characteristics  of  the  compound  caused  by  mechanical  alloying.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

There  is  much  interest  in  Zr-based  AB2-type  alloys,  as 
many  exhibit  desirable  electrochemical  properties,  and  are 
among  the  most  promising  materials  for  hydrogen  energy 
applications,  such  as  hydrogen  storage  materials,  heat 
pumps  and  electrode  materials  for  rechargeable  nickel-metal 
hydride  (Ni-MHj  batteries  [1-51.  The  ZrV2  alloy  crystal¬ 
lizes  in  the  cubic  Cl  5-type  structure  and  at  room  tempera¬ 
ture  can  absorb  up  to  5.5  H/f.u.  [1],  Nevertheless,  the 
application  of  these  type  of  materials  in  batteries  has  been 
limited  due  to  poor  absorption-desorption  kinetics  in  addi¬ 
tion  to  a  complicated  activation  procedure.  Proper  engineer¬ 
ing  of  micro  structure  and  surface  by  using  unconventional 
processing  techniques,  such  as  mechanical  alloying  (MA) 
[3,6-9]  or  high-energy  ball-milling  (HEBM)  [10,11],  can 
lead  to  advanced  nanocrystalline  intermetallics  representing 
a  new  generation  of  metal  hydride  electrodes.  These  materi¬ 
als  show  substantially  enhanced  absorption  characteristics 
superior  to  that  of  the  conventionally  prepared  materials  [6], 
Recently  Zaluski  et  al.  reported  also,  that  powders  of 
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nanocrystalline  alloys,  modified  with  a  catalyst,  readily 
absorb  hydrogen,  with  no  need  for  prior  activation  [12]. 
The  generation  of  new  metastable  phases  or  materials  with 
an  amorphous  grain  boundary  phase  offer  a  wider  distribu¬ 
tion  of  available  sites  for  hydrogen  and  thus  a  totally 
different  hydrogenation  behaviour. 

To  be  useful  for  storing  hydrogen  the  material  should:  be 
capable  of  storing  large  quantities  of  hydrogen;  be  readily 
formed  and  decomposed;  have  reaction  kinetics  satisfying 
the  charge-discharge  requirements  of  the  system;  have  the 
capability  of  being  cycled  without  alteration  in  pressure- 
temperature  characteristics  during  the  life  of  the  system; 
have  low  hysteresis;  have  good  corrosion  stability;  have  low 
cost;  and  be,  at  least,  as  safe  as  other  energy  carriers. 

Recently,  it  has  been  shown  that  the  electrochemical 
properties  of  ZrV2-type  alloys  can  be  improved  by  MA 
[7]  or  HEBM  [11]  of  the  precursor  material  with  a  small 
amount  of  catalyst  powders.  On  the  other  hand,  the  electro¬ 
chemical  activity  of  these  materials  can  be  stimulated  by 
partial  substitution  in  which  Zr  is  partially  replaced  by  Ti, 
and  V  is  partially  replaced  by  other  transition  metals  (Cr,  Mn 
and  Ni)  [3,5,13,14],  Some  polycrystalline  alloys  with  non- 
stoichiometric  compositions,  such  as  ZrV2+x-type,  have  also 
been  studied  [5]. 

In  this  work,  the  electrochemical  properties  of  nanocrys¬ 
talline  Zro.35Tio.65Vo.85Cro.26Ni1.30  alloy,  which  has  the  hex- 
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agonal  C14  type  structure,  have  been  investigated.  The 
mechanically  alloyed  (Zr,  Ti)(V,  Cr,  Ni)2  41  material,  in  both 
amorphous  and  nanocrystalline  forms,  as  well  as  the  con¬ 
ventionally  prepared  material  (pulverized  to  a  fine  powder), 
with  10  wt.%  addition  of  Ni  powder,  were  subjected  to 
electrochemical  measurements  as  working  electrodes. 

2.  Experimental  details 

2.1.  Preparation  of  the  alloys  and  electrodes 

Two  different  methods  were  used  for  preparation  the 
Zr0.35Ti0  65V0.85Cr0.26Ni1.30  alloy.  Conventionally,  the  mate¬ 
rial  was  prepared  by  arc  melting  of  stoichiometric  amounts 
of  the  constituent  elements  (purity  99.8%  or  better)  in  an 
argon  atmosphere.  The  as  cast  ingot  was  homogenized  at 
1273  K  for  several  days  and  then  rapidly  cooled  to  room 
temperature  in  water.  The  alloy  lump  was  pulverized  in  a 
few  hydriding-dehydriding  cycles  to  a  fine  powder 
(<45  pm). 

In  another  processing  method,  mechanical  alloying  was 
performed  under  an  argon  atmosphere  using  a  SPEX  8000 
Mixer  Mill.  The  round-bottom  stainless  steel  vial,  which 
was  equipped  with  a  connection  valve  for  evacuation  or 
introduction  of  argon,  was  degassed  for  12  h  below  0.01  Pa. 
Then  high  purity  argon  was  introduced  into  it,  the  pressure 
of  which  was  up  to  150  kPa.  The  purity  of  the  starting 
materials  was  at  least  99.8%  and  the  composition  of  the 
starting  powder  mixture  corresponded  to  the  stoichiometry 
of  the  “ideal”  reactions.  The  elemental  powders  (Zr: 
149  pm;  Ti,  V:  44  pm;  Cr:  1-5  pm  and  Ni:  3-7  pm)  were 
mixed  and  poured  into  the  vial.  The  mill  was  run  up  to  30  h 
for  every  powder  preparation.  The  as-milled  powders  were 
heat  treated  at  1070  K  for  0.5  h  under  high  purity  argon  to 
form  C14  (hexagonal)  phase.  The  powders  were  examined 
by  XRD  analysis,  with  Co  Ka  radiation,  at  the  various  stages 
during  milling,  prior  to  annealing  and  after  annealing.  The 
vial  was  always  handled  in  argon  atmosphere  to  minimize 
uncontrolled  oxidation. 

Typical  crystallite  sizes  were  estimated  from  the  half¬ 
width  of  lines  using  the  Scherrer  equation  [15]  given  by 
Dhki  =  kX/fi  cos©,  where  Dhkl  is  the  crystallite  size  esti¬ 
mated  by  a  (hkl)  line,  k  the  Scherrer  constant,  [J>  the  half¬ 
width,  X  the  X-ray  wavelength  and  0  the  diffraction  angle. 
The  phases  were  identified  by  XRD  as  well  as  by  scanning 
electron  microscopy  (SEM)  with  an  energy-dispersive  X-ray 
microanalysis  system  (EDS). 

The  mechanically  alloyed  (Zr,  Ti)(V,  Cr,  Ni)2.4i  material, 
in  both  amorphous  and  in  nanocrystalline  forms,  as  well  as 
the  conventionally  prepared  material  (pulverized  to  a  fine 
powder),  with  10  wt.%  addition  of  Ni  powder,  were  sub¬ 
jected  to  electrochemical  measurements  as  working  electro¬ 
des  after  pressing  (under  80  kN  cm~2)  to  0.5  g  pellet  form 
between  nickel  nets  acting  as  current  collector.  The  diameter 
of  each  electrode  was  10.4  mm  and  a  thickness  of  approxi¬ 


mately  1.4  mm.  Soaking  of  the  electrodes  in  12  M  KOH 
solution  for  1  h  at  room  temperature  with  additional  etching 
at  373  K  for  10  min  in  the  same  solution  was  sufficient  for 
the  initial  activation. 

2.2.  Electrochemical  measurements 

The  electrochemical  properties  of  electrodes  were  mea¬ 
sured  in  a  three-compartment  glass  cell,  using  a  much  larger 
NiOOH/Ni(OH)2  counter  electrode  and  a  Hg/HgO/6  M 
KOH  reference  electrode.  All  electrochemical  measure¬ 
ments  were  carried  out  in  deaerated  6  M  KOH  solution 
prepared  from  Analar  grade  KOH  and  18  M  Q  cm-1  water, 
at  293  K.  Potentiodynamic  and  galvanostatic  techniques 
with  either  short  or  long-term  pulses  using  a  conventional 
apparatus  were  applied  to  study  the  charge-discharge 
kinetics  of  the  electrodes.  A  detailed  description  of  the 
electrochemical  measurements  was  given  in  [5]. 

In  the  measurements  of  the  electrochemical  pressure- 
composition  (e.p.c.)  isotherm,  after  10  continuous  charge- 
discharge  cycles,  the  electrode  was  intermittently  charged 
and  discharged  under  galvanostatic  conditions  with  the 
resting  periods  (0.5  h)  on  open  circuit  long  enough  for 
the  potential  to  equilibriate.  The  capacity  obtained  during 
the  discharge  was  used  to  calculate  the  amount  of  hydrogen 
absorbed  on  one  mole  of  the  electrode  material.  Hydrogen 
pressure-composition  (p.c.)  isotherms  for  hydrogen  absorp¬ 
tion-desorption  from  the  gas  phase  were  obtained  with  a 
Sievert  type  apparatus  [16]. 

3.  Results  and  discussion 

The  behaviour  of  MA  process  has  been  studied  by  X-ray 
diffraction,  microstructural  investigations  as  well  as  by 
electrochemical  measurements.  Fig.  1  shows  a  series  of 
XRD  spectra  of  mechanically  alloyed  Zr-Ti- V-Cr-Ni  powder 
mixture  (16.3  wt.%Zr  +  15.8  wt.%  Ti  +  22.1  wt.%  V  +  6.9 
wt.%  Cr  +  38.9  wt.%  Ni)  subjected  to  milling  for  increasing 
time.  The  originally  sharp  diffraction  lines  of  Zr,  Ti,  V,  Cr 
and  Ni  (Fig.  la)  gradually  become  broader  and  their  inten¬ 
sity  decreases  with  milling  time  (Fig.  lb).  The  powder 
mixture  milled  for  more  than  25  h  has  transformed  abso¬ 
lutely  to  the  amorphous  phase  (Fig.  lc).  It  is  worth  noting 
that  before  amorphization  no  shift  of  the  diffraction  lines 
was  observed.  This  result  means  that  the  amorphous  phase 
forms  directly  from  the  starting  mixture  of  the  elements  (Zr, 
Ti,  V,  Cr  and  Ni),  without  formation  of  other  phases.  Using 
the  Zr-Ti- V-Cr-Ni  mixture  composition  as  the  representative 
material  example,  the  behaviour  of  the  grain  size  of  the 
crystallites  has  been  studied  during  the  mechanical  alloying 
process.  The  Ni  (1  1  1)  diffraction  line  remains  visible  up  to 
15  h  of  milling.  This  allows  an  estimation  of  the  change  in 
the  crystalline  size  of  Ni  with  increase  of  the  milling  time. 
The  crystallite  size  decreases  strongly  from  50  nm  at  the 
beginning  of  the  mechanical  alloying  process.  The  final  size 
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Fig.  1.  XRD  spectra  of  a  mixture  of  Zr,  Ti,  V,  Cr  and  Ni  powders 
mechanically  alloyed  for  different  times  in  an  argon  atmosphere:  (a)  initial 
state  (elemental  powder  mixture);  (b)  after  MA  for  5  h;  (c)  after  MA  for 
25  h  and  (d)  heat  treated  at  1070  K  for  0.5  h. 

of  the  crystallites,  about  30  nm,  seems  to  be  favourable  to 
the  formation  of  an  amorphous  phase  which  develops  at  the 
Zr-Ti-V-Cr-Ni  interfaces.  Formation  of  alloy  with  hexagonal 
C14  type  structure  was  achieved  by  annealing  the  amor¬ 
phous  material  in  high  purity  argon  atmosphere  at  1070  K 
for  0.5  h  (Fig.  Id).  The  final  diffraction  pattern  exhibits 
broadening  of  the  peaks  characteristic  of  nanocrystalline 
material.  Table  1  reports  the  cell  parameters  of  the  studied 
materials  along  with  the  data  obtained  for  the  alloy  samples 
hydrogenated  from  the  gas  phase. 

The  SEM  technique  was  used  to  follow  the  changes  in  size 
and  shape  of  the  mechanically  alloyed  Zr-Ti-V-Cr-Ni  pow¬ 
der  mixture  as  a  function  of  milling  time.  The  microstructure 
that  forms  during  MA  consists  of  layers  of  the  starting 
material.  The  thickness  of  the  material  decreases  with 
increase  in  mechanical  alloying  time  leading  to  true  alloy 

Table  1 

Structure  parameters  of  Zr0.35Ti0.65V0.85Cr026Ni1.30  (A)  and 
Zr0.35Ti0.65V0.85Cr0.26Ni1.30Fh  (B)  prepared  by  different  methods  (see  text 
for  details) 


Preparation 

method 

Composition 

a  (A) 

c  (A) 

V(A3) 

AC  (%) 

Arc -melting 

A 

4.935 

8.030 

169 

- 

B 

5.098 

8.753 

197 

17 

Mechanical  alloying 

A 

4.921 

8.011 

168 

- 

and  annealing 

B 

5.092 

8.684 

195 

16 

Fig.  2.  Overpotential  against  current  density  on  activated:  (a)  polycrystal¬ 
line;  (b)  amorphous  and  (c)  nanocrystalline  Zr0.35Ti0.65V0.85Cr0.26Ni1.30 
electrodes,  at  15  s  of  anodic  and  cathodic  galvanostatic  pulses. 

formation  [7],  The  sample  shows  cleavage  fracture  mor¬ 
phology  and  inhomogeneous  size  distribution. 

To  study  the  quality  of  the  activated  polycrystalline, 
amorphous  and  nanocrystalline  Zr0  .35Tio.65Vo.85Cro.26Ni 

1.30’ 

as  electrode  materials  in  the  Ni-MHt  battery,  the  overpo¬ 
tential  against  current  density  was  recorded  at  15  s  of  anodic 
and  cathodic  galvanostatic  pulses  (Fig.  2).  It  can  be  seen  that 
the  anodic  and  cathodic  parts  of  polycrystalline  and  nano¬ 
crystalline  electrodes  are  almost  symmetrical  with  respect  to 
the  rest  potential  of  electrode.  It  may  be  concluded  that  for 
both  electrodes  fast  discharge  rates  can  be  achieved. 

The  electrochemical  pressure-composition  (e.p.c.)  iso¬ 
therms  for  absorption  and  desorption  of  hydrogen  were 
obtained  from  the  equilibrium  potential  values  of  the  elec¬ 
trodes,  measured  during  intermittent  charge  and/or  dis¬ 
charge  cycles  at  constant  current  density,  by  using  the 
Nernst  equation  according  to  the  procedure  reported  by 
Balej  [17].  The  e.p.c.  isotherms  determined  on  the  studied 
materials  are  illustrated  in  Fig.  3.  Due  to  the  amorphous 
nature  of  the  Zr0.35Ti0.65V0.85Cr0.26Ni1.30  alloy  prior  to 
annealing  (curve  (b)  on  Fig.  3),  the  hydrogen  absorption- 
desorption  characteristics  are  not  satisfactory.  Annealing 
causes  transformation  from  the  amorphous  to  the  crystalline 


Fig.  3.  Electrochemical  pressure -composition  isotherm  for  absorption 
(solid  line)  and  desorption  (dashed  line)  of  hydrogen  on:  (a)  polycrystal¬ 
line;  (b)  amorphous  and  (c)  nanocrystalline  Zr0.35Ti0.65V0.85Cr0.26Ni1.30,  at 
293  K. 
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Hydrogen  (wt%) 

Fig.  4.  Pressure  composition  isotherm  for  absorption  (solid  line)  and 
desorption  (dashed  line)  of  hydrogen  from  the  gas  phase  on  polycrystalline 
Zr0.35Ti0.65V0.85Cr0.26Ni1.30;  at  293  K. 

structure  and  produces  grain  boundaries.  Anani  et  al.  [3] 
noted  that  grain  boundaries  are  necessary  for  the  migration 
of  the  hydrogen  into  the  alloy.  It  is  worth  noting  from  Fig.  3 
that  the  characteristics  for  polycrystalline  and  nanocrystal¬ 
line  materials  are  very  similar  in  respect  to  hydrogen  con¬ 
tents,  but  there  are  small  differences  in  the  plateau  pressures. 

For  comparison.  Fig.  4  shows  the  storage  capacity  of 
polycrystalline  Zr0.35Ti0.65V0.s5Cr0.26Ni1.30  alloy  for  hydro¬ 
gen  absorption  and  desorption  from  the  gas  phase,  as 
characterized  by  equilibrium  hydrogen  pressure  against 
hydrogen  content  isotherms  (p.c.)  measured  using  Sievert 
equipment.  From  Figs.  3  and  4  it  is  apparent  that  at  similar 
pressure  (0.06  MPa)  the  chemical  and  electrochemical 
uptakes  of  hydrogen  are  about  equal  (~0.7  wt.%).  The  much 
greater  chemical  uptake  of  hydrogen  is  at  much  higher,  up  to 
1.3  MPa. 

The  typical  galvanostatic  discharge  curves  of  the  electrodes 
fabricated  from  the  polycrystalline,  amorphous  and  nanocrys¬ 
talline  Zro  35Tio.65Vo.85Cro.26Ni1.30  materials  are  shown  in 
Fig.  5.  It  can  be  seen,  the  discharge  capacities  of  polycrystal¬ 
line  as  well  nanocrystalline  electrodes  are  almost  the  same. 
As  shown  in  this  Figure,  the  galvanostatic  discharge  char¬ 
acteristics  of  the  Ni-MHV  battery  with  an  amorphous  mate¬ 
rial  as  the  negative  electrode  is  clearly  lower. 


Discharge  capacity  ( mAh  g"1 ) 

Fig.  5.  Discharge  curves  of  (a)  polycrystalline;  (b)  amorphous  and  (c) 
nanocrystalline  Zr0.35Ti0.65V0.85Cr0.26Ni1.30  electrodes,  at  seventh  cycle 
(current  density  of  40  mA  g  1  in  6  M  KOH). 


Cycle  number 

Fig.  6.  Discharge  capacity  as  a  function  of  cycle  numbers  of  electrode 
prepared  with  (a)  poly  crystalline;  (b)  amorphous  and  (c)  nanocrystalline 
Zr0.35Ti0.65V0.85Cr0.26Ni1.30  (solution:  6M  KOH;  temperature:  293  K).  The 
charge  conditions  were:  40  mA  g_1;  the  discharge  conditions  were  plotted 
in  (d);  cut-off  potential  vs.  Hg/HgO/6  M  KOH  was  of  —0.7  V. 


Table  2 

Discharge  capacities  of  Zr0.35Ti0.65V0.85Cr0.26Ni1.30  material  prepared  by 
arc  melting  and  mechanical  alloying  and  annealing  (current  density  of 
charging  and  discharging  was  160  mA  g~  ) 


Preparation  method 

Structure  type 

Discharge  capacity  at 
18  cycle  (mA  h  g_1) 

Arc-melting 

Poly  crystalline  (MgZn2) 

135 

Mechanical  alloying 

Amorphous 

65 

Mechanical  alloying 

Nanocrystalline 

145 

and  annealing 

(MgZn2) 

Fig.  6  shows  the  discharge  capacities  of  the  electrodes  as  a 
function  of  charge-discharge  cycling  number.  The  electrode 
prepared  with  nanocrystalline  Zro.35Tio.65Vo.85Cro.26Ni1.30 
material  showed  better  activation  and  higher  discharge 
capacities.  This  improvement  is  due  to  a  well-established 
diffusion  path  for  hydrogen  atoms  along  the  numerous  grain 
boundaries  [18].  It  is  worth  noting,  that  annealed  nanocrys¬ 
talline  powder  has  greater  capacities  than  the  amorphous 
parent  alloy  powders.  Table  2  reports  the  discharge  capa¬ 
cities  of  the  studied  materials.  In  our  earlier  work,  it  was 
confirmed  that  the  discharge  capacity  of  electrodes  prepared 
by  application  of  MA  ZrV2  alloy  powder  with  10  wt.%  of  Ni 
powder  addition  could  not  be  estimated  because  of  extre¬ 
mely  high  polarization  [7].  Materials  obtained  when  Ti  was 
substituted  for  Zr  and  Cr,  Ni  was  substituted  for  V  in  ZrV2 
lead  to  greatly  improved  activation  behaviour  of  the 
electrodes. 


4.  Conclusion 

In  conclusion,  nanocrystalline  Zro.35Ti065V085Cr026- 
Ni!  30  alloy  synthesized  by  mechanical  alloying  was  used 
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as  negative  electrode  materials  for  Ni-MHA  battery.  The 
amorphous  phase  forms  directly  from  the  starting  mixture 
of  the  elements,  without  other  phase  formation.  Heating  the 
MA  samples  at  1070  K  for  0.5  h  resulted  in  the  creation  of 
ordered  ZrV2-type  alloy.  The  electrochemical  results  show 
very  little  difference  between  the  nanocrystalline  and 
polycrystalline  powders,  as  compared  with  the  substantial 
difference  between  these  and  the  amorphous  powder.  In 
the  annealed  nanocrystalline  Zro.35Tio65Vo.85Cro.26Ni  1.30 
powder  discharging  capacities  up  to  1 50  mA  h  g  1  (at 
160  mAg~*  discharge  current)  have  been  measured.  The 
properties  of  nanocrystalline  electrode  were  attributed  to  the 
structural  characteristics  of  the  compound  caused  by 
mechanical  alloying. 
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